Background/Objectives: The misincorporation of uracil into DNA leads to genomic instability. In a previous study, some of us identified four common single nucleotide polymorphisms (SNPs) in uracil-processing genes (rs2029166 and rs7296239 in SMUG1, rs34259 in UNG and rs4775748 in DUT ) that were associated with significantly altered levels of uracil in human DNA. We investigated whether any of these SNPs are associated with an altered risk of developing breast cancer and if one-carbon nutrients intake can modify their effects. Subjects/Methods: We genotyped the four SNPs in 1077 cases of incident breast cancer and 1910 age and race-matched controls in the Western New York Exposures and Breast Cancer (WEB) Study and examined associations with breast cancer risk and interactions with intake of folate, vitamins B6 and B12. Results: After adjustment for known risk factors for breast cancer, there was increased risk of breast cancer among postmenopausal women who were heterozygous for either of the two SMUG1 SNPs (odds ratio (OR) 1.29, 95% confidence interval (CI) 1.07-1.56) and OR 1.29, 95% CI 1.07-1.55, respectively). Among premenopausal women, increased risk associated with the SMUG1 rs2029166 genotype was limited to those with low folate intake. There were no other interactions with vitamins B 6 or B 12 intake. Conclusions: Our study suggests that the four selected SNPs are not robust determinants of breast cancer risk, but that the two SNPs in SMUG1 might modestly alter the risk of breast cancer. However, the increase in risk among heterozygotes in the two SNPs in SMUG1, which is thought to be the most active glycosylase in vivo, raises the possibility that subtle 'heterosis' effects on cancer risk might be produced by these SNPs.
Introduction
Uracil misincorporation into DNA occurs spontaneously at low levels as a result of cytosine deamination or misincorporation of dUMP during DNA replication (Kavli et al., 2007; Sousa et al., 2007) . Under normal conditions, such lesions are rapidly repaired by the base excision repair mechanism initiated by uracil-DNA glycosylase enzymes (Krokan et al., 2002; Visnes et al., 2009) . In humans, four uracil-DNA glycosylases have been identified, encoded by the UNG, SMUG1, MBD4 and TDG genes (Mohrenweiser and Jones, 1998; Barnes and Lindahl, 2004; Hung et al., 2005) . In addition, mammalian cells have enzymes (dUTPases) that prevent the incorporation of uracil into DNA by de-phosphorylating dUTP into dUMP. In humans the only known UTPase is encoded by the DUT gene (Barnes and Lindahl, 2004; Sousa et al., 2007) .
Intact mechanisms for the removal of uracil from DNA and prevention of its incorporation are essential for maintaining DNA integrity. It has been shown that failure to remove misincorporated uracil can lead to mutations after DNA replication or to double-strand DNA breaks leading to chromosomal aberrations, both hallmarks of the cancer phenotype (Fenech, 2001; Kapiszewska et al., 2005; Sousa et al., 2007; Mashiyama et al., 2008) .
Thus, a major factor influencing DNA integrity is the deoxyribonucleotide pool homeostasis, an equilibrium that is directly dependent on the adequate availability of certain elements of the B-vitamin family of micronutrients. Folate deficiency leads to low 5,10-methylene-THF concentrations, the essential co-factor for the conversion of dUMP to dTMP and may thereby increase the level of uracil incorporation into DNA (Blount et al., 1997) . The chromosomal fragility and breaks that accompany folate depletion under some circumstances are thought to be caused by increased uracil misincorporation and attempted repair followed by the development of double-strand breaks (Ames, 1999; Jang et al., 2005) . Similarly, vitamins B 12 and B 6 appear to be crucial factors in maintaining genomic stability of human cells as well, as each have integral roles in recycling folate into the co-enzymatic form used for thymidine synthesis. (Fenech, 2001; Ames and Wakimoto, 2002; Mashiyama et al., 2008) . Epidemiologic studies of humans have shown increased risk, although not consistently, of cancers including breast cancer, associated with low intake or low blood concentrations of folate, vitamin B12 and B6 (Choi and Mason, 2000; Giovannucci, 2002; Zhang et al., 2003) . It has therefore been postulated that the DNA damage caused by uracil misincorporation may explain the increased cancer risk associated with inadequate availability of these vitamins (Ames and Wakimoto, 2002) .
Very little is known about the functional effects of uracilprocessing gene polymorphisms. It is thought that they can lead to altered enzyme activity, contributing to uracil concentrations, increased uracil misincorporation and therefore to human disease (Sousa et al., 2007) . One study detected novel germline sequence variations in TDG, UNG and SMUG1 in colorectal cancer patients with familial aggregation, suggesting that these variants may have a role in disease susceptibility (Broderick et al., 2006 ). Other studies have described an association of a single nucleotide polymorphism (SNP) in MBD4 with increased risk of lung (Shin et al., 2006; Miao et al., 2008) and esophageal cancer (Hao et al., 2004) . Finally, in a previous study, some of us performed an extensive screening of SNPs in UNG, SMUG1, MBD4, TDG and DUT, and discovered that two SNPs in SMUG1 and one SNP in UNG were associated with increased blood uracil DNA concentration in carriers of the variant genotype, whereas one SNP in the DUT gene was associated with decreased uracil DNA concentration (Chanson et al., 2009) .
The association of the four SNPs in SMUG1, UNG and DUT with altered uracil DNA levels and subsequent DNA damage led to the hypothesis that these SNPs may influence cancer risk and may affect DNA mutations in tumors. In order to test our hypothesis we sought out a cohort of subjects whose cancer was both a common one and one in which a reasonably extensive set of epidemiologic observations had shown it to be linked to the intake of 1-carbon nutrients. Breast cancer fulfilled both of these criteria. Moreover, we chose to study p53 mutations, as these mutations are among the most frequent genetic events in human cancer including 25-40% of breast cancers, and uracil misincorporation contributes to mutagenesis, and based on our previous observation that plasma uracil concentrations are correlated with strand breaks in the coding region of the human p53 gene (Chanson et al., 2009) .
Therefore, we investigated the association of these four SNPs with breast cancer risk in a population-based breast cancer case control study, the Western New York Exposures and Breast Cancer Study (WEB). Moreover, we investigated interactions with dietary folate, vitamin B 6 and B 12 and examined whether there was increased likelihood of mutations in the p53 gene in tumors associated with these SNPs.
Subjects and methods

Subjects
Subjects were participants in the Western New York Exposures and Breast Cancer (WEB) Study, a population based casecontrol study described in detail previously (Bonner et al., 2005; Tao et al., 2009) . Briefly, 1170 cases (35-79 years old) accrued between 1996-2001, residents of two counties in upstate New-York, were incident, primary, histologically confirmed breast cancer cases. Controls (n ¼ 2115) were randomly selected from the New York State Department of Motor Vehicles driver's license list age p65 years) and the Health Care Finance Administration rolls (age 465 years), and were frequency matched to cases on age (5-year intervals) and race. Both cases and controls had no previous history of cancer other than non-melanoma skin cancer. The study protocol was approved by the Institutional Review Boards of the University at Buffalo and all participating institutions, and written informed consent was obtained from all participants.
Data on participant demographics, medical history, reproductive history, lifetime alcohol consumption and other breast cancer risk factors were collected by extensive in-person interviews. A modified version of the self-administered Health Habits and History food frequency questionnaire (FFQ) was used for cases and controls to collect dietary intake data 12-24 months before the interview, and the DietSys nutrient analysis software (HHHQ-DietSys Analysis Software, Version 4.02, National Cancer Institute, 1999) was used to calculate nutrient intakes, adjusted for total energy (Block et al., 1986; Willett et al., 1997) .
Laboratory methods
Blood or saliva samples were obtained from 1099 (94%) cases and 1945 (92%) controls, and genomic DNA was extracted from buffy coat fractions or buccal cells (17% of cases and 8% of controls). Genotyping for the four SNPs investigated was performed using an allelic discrimination method by real time PCR with TaqMan probes, in an ABI 7900HT real time PCR instrument (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's instructions. As quality control measures, 10% duplicate samples were included in all measurements and all technical personnel was blinded to the case-control status of samples. The concordance rates between blinded duplicates were 98.1% for rs2029166, 98.7% for rs7296239, 97.4% for rs34259 and 97.4% for rs4775748. The call rates were 98.4% for rs2029166, 97.4% for rs7296239, 98.1% for rs34259 and 98.8% for rs4775748, hence in part the reason for the slightly different number of women analyzed for each SNP.
Archived tumor blocks were obtained from 920 (78.60%) of cases, and clinical and pathological characteristics were abstracted from medical records. Estrogen receptor status was determined by immunohistochemistry and slides were scored by a certified pathologist as previously described (Tao et al., 2009) . Screening for p53 mutation status was performed on all tumor blocks as previously described (Tennis et al., 2006) . Briefly, DNA was extracted from the tumor tissue on slides after micro-dissection using a pathologically confirmed HE stained slide as a guidance. Screening for P53 mutations was performed using the Affymetrixp53GeneChip system (Affymetrix, Santa Clara, CA, USA), and mutation status was confirmed by bi-directional sequencing.
Statistical analyses
All statistical analyses were performed using SAS v.9. 1. (SAS Institute, Cary, NC, USA). Hardy-Weinberg expectations were tested using the exact w 2 goodness-of-fit tests. Unconditional logistic regression models were used to calculate odds ratios (OR) and 95% confidence intervals (CI) for associations with breast cancer risk according to SNP genotype status. We stratified women in categories defined by the median dietary intake of controls for folate, vitamin B 6 and vitamin B 12 intake, and tested the association with genotype within these strata for each vitamin. Interactions between genotype and folate, vitamins B 6 and B 12 intake were investigated by the evaluation of a multiplicative term in the regression model. Unconditional logistic regression was used in case-case comparisons to estimate ORs and 95% CIs according to p53 mutations status. All models were adjusted for age and education. In addition models were also adjusted for total energy intake when we tested the associations of genotype with breast cancer risk stratified by dietary intake of folate, vitamin B 6 and B 12 . The case-case comparisons were additionally adjusted for estrogen receptor status. Other potential confounders including demographic factors and breast cancer risk factors (body mass index, age at first birth, age at menarche, age at menopause (for postmenopausal women), parity, family history of breast cancer, history of benign breast disease), alcohol intake and smoking status were examined as potential confounders; estimates of ORs were changed by less than 10% (data not shown). Associations between uracil processing genes variants and breast cancer risk ORs and 95% CIs for breast cancer risk by genotype for the four SNPs were investigated, overall and stratified according to menopausal status, the results of which are shown in Table 2 . The genotypes for UNG rs34259 and DUT rs4775748 were not associated with breast cancer risk regardless of menopausal status for all of the genetic models tested (dominant, recessive and codominant; results not shown for the different genetic models). Among premenopausal women, there was no association with risk for either of the SMUG1 genotypes. Among postmenopausal women, cancer risk was increased among those with the CT genotype of the rs7296239 SNP (OR 1.29, 95% CI 1.07-1.55) but not the CC (OR 1.03, 95% CI 0.74-1.43) genotype. Similarly there was an increased risk associated with the heterozygous CT genotype only for the rs2029166 genotype (OR 1.29, 95% CI 1.07-1.56).
Results
Characteristics of the study participants
Interactions between folate, vitamin B 6 , vitamin B 12 intakes and SNP genotypes, and the effect on breast cancer risk As shown in Table 3 , an association of the SMUG1 rs2029166 genotype with premenopausal breast cancer risk was observed, but limited to participants with lower intake of folate (p-interaction, 0.01). For the SMUG1 rs7296239 SNP, there was a similar association limited to those with low folate although the association was not statistically significant. Among postmenopausal women, there was no interaction with folate intake. There was no evidence on interaction of genotype by intake of either vitamins B 6 or B 12 (data not shown).
Case-only analysis for associations with p53 mutations, and interactions between dietary measures and genetic polymorphisms across p53 mutation status The p53 mutation rate was 27% among cases, the majority of these mutations (94%) being found in exons 5-8 of the p53 gene. In case-only analysis (Table 4) , there were no significant associations between the four genetic polymorphisms in uracil processing genes and p53 mutation status, although there were some trends towards increased risk of p53 mutations in premenopausal women with the CT/TT and the CT/CC genotypes for SMUG1 rs2029166 and rs7296239. Interestingly, in each of these two trends the heterozygotes demonstrated a more robust OR compared with the homozygotes, although this most likely could be due to the fact that there are much less rare homozygotes than heterozygotes.
Discussion
We examined the association with breast cancer risk of four single nucleotide polymorphisms in three uracil processing genes (two SNPs in SMUG1, one SNP in UNG and one SNP in DUT), which have been previously shown to be associated with altered blood uracil levels in humans (Chanson et al., 2009) . Given their association with uracil levels, we hypothesized that these SNPs might be associated with p53 mutations, and that folate and related B vitamin intake would modify associations with breast cancer risk. To our knowledge this is the only study investigating uracil processing gene variants in relation to breast cancer risk.
We found associations between breast cancer risk and the heterozygous genotypes for SMUG1 rs2029166 and rs7296239 among postmenopausal women, but not the UNG rs34259 or DUT rs4775748 genotypes.
To date, only one study investigated sequence alterations in UNG and SMUG1 and their involvement in cancer risk by performing a mutation screening in these genes and others in colorectal cancer patients with familial aggregation (Broderick et al., 2006) . They did not detect the same sequence variants that we investigated herein; however, they detected both novel and known sequence variants in these genes that were present only in the cancer patients and SNPs in uracil-processing genes and breast cancer risk C Marian et al not in normal controls, although at very low frequency. Moreover, in silico analysis of the effect of these variants on protein structure suggested that they may have a deleterious effect. The low frequency of these variants in their population suggests that these variants may have a limited role as low penetrance genes in colorectal cancer susceptibility (Broderick et al., 2006) . In our study, carriers of the variant alleles for these SNPs had 15-30% increased risk of breast cancer, especially among postmenopausal women. Interestingly, these associations were limited to the heterozygous genotype carriers for both SNPs, even though we had previously found associations of increased blood uracil with the TT genotype for the rs2029166 SNP and with the CC genotype for the rs7296239 SNP (Chanson et al., 2009 ). Our results suggest a possible molecular heterosis effect; however we cannot exclude the possibility that the associations with the homozygote variant genotypes were not statistically significant due to fewer subjects carrying this genotype in our population. Molecular heterosis takes place when heterozygous individuals for a specific locus show a significant increased or decreased effect for a quantitative or dichotomous trait compared with homozygous subjects, and is a rather controversial concept in population genetics, although well documented in plant, animal and human studies (Comings and MacMurray, 2000; Crow, 2008) . Several welldocumented examples of molecular heterosis in human gene association studies are presented in a review on the subject by Comings and MacMurray 2000 (Comings and MacMurray, 2000) . More recently, a meta-analysis of 19 case-control and three genome wide association studies of type 2 diabetes revealed that molecular heterosis still remains a plausible scenario explaining the effect of certain SNPs associated with disease (Salanti et al., 2009) . We therefore contend that the present observations do not justify a definitive conclusion for a null effect of these SNPs.
We found that there was an interaction of genotype and folate intake for premenopausal breast cancer for the SMUG1 rs2029166 SNP. The association with genotype was limited to participants with low folate intake. For the SMUG1 rs7296239 SNP, results were similar but the interaction was not statistically significant. There was no evidence of interaction for postmenopausal breast cancer for these two genotypes. In addition, there was no interaction for the other SNPs examined or for vitamin B 6 and B 12 . In our previous study of these SNPs in a Puerto Rican population SNPs in uracil-processing genes and breast cancer risk C Marian et al including both men and women (Chanson et al., 2009 ), we did not see an effect of plasma folate and B vitamin levels on the association with altered uracil levels. The association of the SMUG1 rs2029166 genotype with breast cancer risk among premenopausal women with low intake of folate implies that a higher intake of these nutrients may be necessary in order to maintain genomic stability of human cells, as previously suggested (Fenech, 2001) . The fact that all positive associations were limited to those with the heterozygous genotype possibly implies the presence of molecular heterosis in our study. However, caution should be used when interpreting these results due to the low magnitude of the associations. We had previously found associations with plasma uracil that were limited to homozygous genotypes for both SNPs. It may be that multiple factors are involved in the complex association between genes involved in uracil and one carbon metabolism and breast cancer risk, also explaining the inconsistency in epidemiology studies on the matter (Xu and Chen, 2009) .
In this study, there was a suggestion of an increased number of p53 mutations among premenopausal breast cancers from women with the heterozygous genotype for both SMUG1 SNPs. These findings, although not statistically significant, are consistent with uracil misincorporation contributing to mutagenesis and with our previous observation that plasma uracil concentrations are correlated with strand breaks in the coding region of the human p53 gene (Chanson et al., 2009) .
The strengths of this study include the population-based study design and the relatively large number of subjects. The detailed exposure information enabled an investigation of gene-environment interaction. However, the statistical power in subgroups of our study remained limited due to low frequencies of the variant alleles, which limited our ability to identify weak associations. We studied four polymorphisms that had been shown in another population to be associated with blood uracil concentrations but with unknown functional effects on the enzymatic activity of the encoded proteins, so we cannot rule out the possibility that other unidentified SNPs tightly linked to the ones described herein might instead be the functional SNPs that are associated with breast cancer risk. Although there are concerns with the FFQ as a measure of usual diet and of absolute intakes, there is evidence that this measure is able to provide information regarding relative intakes, that is, provide information regarding high and low intakes such as in this study. This study was conducted in 1996-2001, during the period of implementation of folate fortification of flour in the United States in 1998. Although clearly the fortification impacted intakes, it is unlikely that it affected carcinogenesis of study participants because of the long period of that process. For these purposes, we were interested in the usual diet in period before diagnosis for cases and before the interview for controls; we did not include fortification in the calculation of intakes. Another concern is recall bias. Compared with controls, cases might differentially recall exposures of dietary because of their cancer diagnosis. However, this bias would likely not affect our comparisons, in that the participants would not be aware of their genotypes.
In conclusion, our study suggests that the four selected SNPs are not robust determinants of breast cancer risk, but that the two SNPs in SMUG1 might modestly alter the risk of breast cancer, especially in postmenopausal women and in premenopausal women with lower intakes of folate and that these variants may contribute to p53 mutations. Future studies should be directed towards confirming these associations and probing for the presence of molecular heterosis. 
